Abstract. The 4-nitrophenol (PNP) in diesel exhaust particles (DEP) has been identified as a vasodilator and is a known degradation product of the insecticide parathion. In this study, the protective effect of quercetin, a potent oxygen free radical scavenger and metal chelator, against the oxidative damage of PNP on cultured testicular cells was studied in male embryonic chickens. Testicular cells from Day 18 embryos were cultured in serum-free McCoy's 5A medium and challenged with quercetin (1.0 μg/ml) alone or in combinations with PNP (10 -7 -10 -5 M) for 48 h. The oxidative damage was estimated by measuring cell viability, content of malondialdehyde (MDA), activity of superoxide dismutase (SOD) and glutathione peroxidation (GSH-Px) activity. The results showed that exposure to PNP (10 -5 M) induced condensed nuclei, vacuolated cytoplasm and a decrease in testicular cell viability and spermatogonial cell number. Exposure to PNP induced lipid peroxidation by elevation of the content of MDA. Exposure to PNP also decreased GSH-Px activity and SOD activity. However, simultaneous supplementation with quercetin restored these parameters to the same levels as the control. Consequently, PNP induced oxidative stress in spermatogonial cells, and dietary quercetin may attenuate the reproductive toxicity of PNP to restore the intracellular antioxidant system in the testicular cells of embryonic chickens. Key words: Chicken, 4-Nitrophenol, Oxidative damage, Quercetin, Spermatogonial cells (J. Reprod. Dev. 56: 195-199, 2010) ir pollution is now one of the serious concerns about the environment and health. Recently, the use of diesel enginepowered cars has been increasing in the world because they offer better fuel efficiency than gasoline engines. However, diesel engines emit more nitrogen oxides and particles than gasoline engines; the latter is considered to be the major source of air pollution [1] .
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Vast amounts of diesel exhaust particles (DEP) pollute the atmosphere as a consequence of the use of diesel engines. For example, Japan, the United States, England and the European Union emit 58902, 111530, 37000 and 240000 tons of DEP into the atmosphere per year, respectively [2] [3] [4] [5] [6] . Exposure to DEP has many hazardous effects on human and animal health, e.g., carcinogenic action, such as a lung cancer [7] , bronchial asthma [8] and disruption of female and male reproductive functions, such as suppressing spermatogenesis and increasing the abortion rate and uterine weight [9] [10] [11] [12] [13] [14] [15] [16] . However, the specific compounds responsible for this toxicity remain still largely unknown.
In order to address this problem, four nitrophenol derivatives, 4-nitrophenol (PNP), 2-methyl-4-nitrophenol, 3-methyl-4-nitrophenol and 4-nitro-3-phenylphenol, were isolated from DEP [17] . PNP is not only a type of chemical found in DEP but is also a degradation product of the insecticide parathion, which is used as a drug or xenobiotic, a dye and a fungicide for leather [18] . Nevertheless, it is considered to be hazardous waste and a priority toxic pollutant by the the U.S. Environmental Protection Agency (EPA). Recently, it has been found that 1 kg of DEP contains an average of 169 mg PNP [19] . PNP can damage the central nervous system, liver, kidney and blood of humans and animals [20] . Flavonoids are natural phenolic substances widely present in vegetables, fruits and beverages such as tea and red wine and can act as antioxidants in biological systems. Quercetin, one of the most abundant flavonoids, manifests a variety of biological activities. It is a potent oxygen free radicals scavenger and a metal chelator [21] and possesses an antioxidant nature at the appropriate dosage. Several studies have indicated that quercetin inhibits the expression of inducible cyclooxygenase and inducible nitric oxide synthase [22] . It also inhibits xanthine oxidase, lipid peroxidation, and the DNA damage caused by H2O2 [23, 24] .
Quercetin is an effective attenuating factor in prevention of various disorders induced by environmental contaminants. It can attenuate the toxicity caused by 2,4-dichlorophenoxyacetic acid [25] and inhibits the reproductive disorders induced by polychlori-nated biphenyls and 3-methyl-4-nitrophenol from DEP [26, 27] . PNP exhibits estrogen-like effects in female rats and antiandrogenlike effects in male rats [28] . In the present study, the reproductive toxicity of PNP was further investigated with a testicular germsomatic cell coculture model, and quercetin was chosen to examine its attenuating effect on cytotoxicity caused by PNP. In order to reveal the toxic mechanism of PNP, we exposed testicular cells to PNP in the presence of quercetin. Besides analysis of cell viability and cytotoxicity, malondialdehyde (MDA) content was measured as an end-product of lipid peroxidation. The defense systems against free radical attack were assessed by measurement of superoxide dismutase (SOD) and glutathione peroxidation (GSH-Px) activity. These results should help determine dietary components that protect against the oxidative damage induced by oxidative toxicants such as PNP.
Materials and Methods

Isolation and culture of testicular cells
Fertilized Hy-line chicken eggs were obtained from a commercial hatchery and incubated at 38.5 C and 60% humidity till Day 18. Testicular cells were prepared and cultured according to a previous study [29] . The cells were plated at 5 × 10 4 /well in 96-well Falcon culture plates (for morphological observations) and 2 × 10 5 cells/well in 24-well Falcon culture plates (for biochemical analysis) with 200 μl serum-free McCoy's 5A medium (Gibco BRL) supplemented with 10 μg/ml insulin, 5 μg/ml transferrin and 3 ×
10
-8 M selenium (Sigma, St. Louis, MO, USA) as ITS medium. The medium also contained 2 mM glutamine, 1.75 mM HEPES, 100 IU/ml penicillin and 100 μg/ml streptomycin. Cells were incubated at 38.5 C in a water-saturated atmosphere of 95% air and 5% CO2.
Treatment of cultured cells with chemicals
PNP was purchased from Tokyo Kasei Kogyo (Tokyo, Japan). The stock solution of PNP and quercetin (Sigma) was prepared in PBS and ethanol (≤0.1%) solution, respectively. Cells were incubated in medium with PNP (10 -7 -10 -5 M) alone or in combinations with quercetin (1.0 μg/ml). The control received the vehicle only.
After treatment for 48 h, the media were quickly collected, frozen and stored at -20 C. After being washed three times, the cultured cells were resuspended in an appropriate volume of PBS to determine the cellular MDA content as well as the SOD and GSH-Px activities.
Morphological study of testicular cells
Morphological changes of testicular cells were visualized under an inverted phase-contrast microscope (Olympus, Tokyo, Japan), and the image was captured with a video camera (Pixera Pro 150ES, Los Gatos, CA, USA). The number of spermatogonial cells was calculated in each image by using the Simple PCI Advanced Imaging Software (Compix, Torrance, CA, USA).
Biochemical determinations
After treatment for 6 h, cell viability was quantified by measuring the reduction in 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT). Absorbance was measured at 570 nm with a microplate reader (Multiskan MK3, Thermo Labsystems, Shanghai, PR China). Cell viability was expressed as the proportion of absorbance values versus the control.
Lipid peroxidation was evaluated by MDA production with the spectrophotometric measurement of the color produced during the reaction to thiobarbituric acid with MDA [30] . MDA concentrations were calculated by the absorbance of thiobarbituric acid reactive substances (TBARS) at 532 nm and were expressed in nmol/mL. The activity of GSH-Px was assessed according to established methods of Rotruck et al. [31] , which make use of the following reaction: H2O2 + 2GSH→2H2O + GSSG (oxidized glutathione). The absorbance was determined at 412 nm. The enzymatic activity was expressed as U/l. Total SOD activity was determined by inhibition of the rate of superoxide radical-dependent cytochrome C reduction [32] . The absorbance at 550 nm was determined, and the values were expressed as U/ml.
Statistical analysis
The experiment was repeated three times with quadruplications. All data were expressed as means ± SD and analyzed by ANOVA and Duncan's multiple range test using the GLM procedure of the SAS 6.12 software. P<0.05 was considered significantly different.
Results
Measurement of cytotoxicity by MTT reduction
In the testicular cell co-culture model, spermatogonial cells were round in shape and somatic cells attached at the bottom of the culture plate, spreading the filopodia. After treatment with 10 -5 M PNP for 6 h, PNP began to exert a toxic effect, and cells began lysing and became disorganized. Quercetin did not affect cell viability. Exposure to PNP (10 -5 M) resulted in a significant reduction in cell viability (Fig. 1, P<0.05 ), but at lower doses (10 -7 -10 -6 M), no significant difference of cell viability was observed compared with the control. 
Morphological changes of testicular cells
In the control and quercetin treated group, spermatogonial cells appeared as a round shape anchored on the overslip by the filopodia of somatic cells 48 h after culture ( Fig. 2A, B, respectively) . On the other hand, PNP (10 -5 M) exerted a toxic effect on spermatogonial cells. Many spermatogonial cells showed condensed nuclei and vacuolated cytoplasm after PNP exposure for 48 h (Fig. 2C) . However, in combination with quercetin, the cytotoxicity caused by PNP was obviously attenuated (Fig. 2D) . In the quercetin plus PNP treatment, the integrity of most spermatogonial cells was retained. No significant morphological change of somatic cells was found in the treated or control groups.
Change in number of spermatogonial cells
The spermatogonial cell number was not significantly affected in the quercetin group compared with the control (Fig. 3) . However, the number of surviving spermatogonial cells was significantly decreased in the group treated with 10 -5 M PNP alone (Fig. 3, P<0 .05), and this effect was significantly reversed in the quercetin combined with PNP group. 
Effect of quercetin on PNP-induced change in MDA formation, GSH-Px and SOD activity
After culture for 48 h, there was no obvious change in MDA formation, GSH-Px and SOD activities between the quercetin and control groups (Figs. 4 and 5) . After exposure to PNP (10 -5 M) for 48 h, MDA production was significantly increased (Fig. 4) , and the GSH-Px (Fig. 5A) and SOD activities (Fig. 5B) were significantly decreased (P<0.05). However, compared with the PNP group, the MDA production was significantly reduced (Fig. 4) , and the decrease in the GSH-Px (Fig. 5A) and SOD activities (Fig. 5B) was significantly restored in the presence of quercetin (P<0.05).
Discussion
DEP derived from diesel engine-powered automobiles is a major source of air pollution in large cities and is toxic when inhaled. In the present study, exposure to PNP (10 -5 M), a type of chemical found in DEP, in cultured testicular cells of chicken embryos induced condensed nuclei and vacuolated cytoplasm. Both cell viability and the number of spermatogonial cells were markedly decreased by PNP exposure. Exposure to 3-methyl-4-nitrophenol from DEP induces reproductive toxicity and disrupts testicular function in male quail and rats [33] [34] [35] . Therefore, DEP exerts a toxic effect on male reproductive functions. However, the mechanism responsible for the toxicity of DEP remains unclear. In the present study, PNP induced lipid peroxidation and decreased the SOD and GSH-Px activities. These results clearly demonstrated that cellular oxidative stress plays an important role in PNP toxicity in the testes. Exposure to traffic-related air pollution particles is associated with oxidative damage to DNA, and DEPs are mutagenic in mouse lung epithelial cells [36, 37] . DEP exposure also causes protein oxidation, lipid peroxidation and DNA damage in rats and mice [38, 39] . Therefore, the toxic influence of PNP is likely due to the formation of excessive free radicals that causes oxidative stress, leading to cell damage.
Quercetin, an important polyphenol compound in edible fruits and vegetables, has been shown to have an inhibitory effect on cellular oxidative damage via antioxidant activity [40, 41] . In the present study, quercetin addition showed no deleterious effect on spermatogonial cells. However, the present study showed the antioxidant capacity of quercetin. Exposure to PNP significantly increased MDA formation but reduced SOD and GSH-Px activity. However, quercetin, by blocking the production of intracellular peroxide, significantly reduced the cytotoxic effect induced by PNP. A previous study demonstrated that quercetin prevents oxidative stress and H2O2-induced apoptosis and reduces reactive oxygen species production [42] . Reactive oxygen species are produced in normal cellular metabolism [43] . However, an increase in the intracellular reactive oxygen species level has been shown to damage tissues and cells via lipid peroxidation, protein cross-linkage and DNA breakage processes, which is partially prevented by antioxidants and free radical scavengers [44, 45] . Quercetin has been found to significantly decrease lipid peroxidation and prevent glutathione depletion induced by tert-butyl hydroperoxide in HepG2 cells and to significantly decrease DNA damage [46] . The present results manifested no toxicity of quercetin, and as an effective antioxidant, it plays a crucial role in terms of the cytotoxicity caused by PNP.
Generally, quercetin is an effective antioxidant and prevents oxidative injury. However, some studies have reported that short-term treatment with quercetin is antioxidant and anti-apoptotic, whilst long-term treatment results in pro-oxidant and pro-apoptotic effects [47] . The present results showed that there is no toxicity of quercetin on germ cells at the indicated doses. Thus, the effects of quercetin depend on the experimental conditions, including the concentration and duration of treatment. It is generally thought that the chemical structure of quercetin plays a vital role in free radical scavenging activity. Studies on the structure-activity relationships relevant to the radical scavenging activity of flavonoids have revealed that the O-dihydroxyl structure at 3'-and 4'-positions in the B-ring and the 3-position in the C-ring is largely responsible for this activity [48, 49] . Additionally, quercetin interacts with and penetrates the lipid bilayers. Therefore, the structure of quercetin plays a significant role in its free radical scavenging activity and as an effective antioxidant. Quercetin can inhibit the cytotoxicity of oxidant agents like PNP by maintaining normal cell morphology.
In conclusion, exposure to PNP caused cytotoxicity in embryonic chicken testicular cells by increasing lipid peroxidation and reducing the intracellular antioxidant system. However, as an effective antioxidant, quercetin could block these deleterious effects through a reduction in MDA and an increase in SOD and GSH-Px activity to maintain membrane integrity. Therefore, the dietary antioxidant quercetin could attenuate the testicular oxidative damage of PNP and contribute to protection against reproductive toxicity induced by oxidative toxicants such as DEP.
